Reynolds number dependence of turbulent structures associated with high-amplitude wall pressure peaks in channel flow by Mehrez, Ali et al.
Reynolds number dependence of turbulent
structures associated with high-amplitude
wall pressure peaks in channel ﬂow
Ali Mehrez1, Yoshinobu Yamamoto2 and Yoshiyuki Tsuji1
1Department of Energy Engineering and Science, Nagoya University, Chikusa-ku,
Furo-cho, 464-8603, Japan
2Department of Mechanical Systems Engineering, University of Yamanashi, Takeda,
Kofu, Yamanashi, 400-8510, Japan
E-mail: mehrez-ali16@ees.nagoya-u.ac.jp, yamamotoy@yamanashi.ac.jp and
c42406a@cc.nagoya-u.ac.jp
Received 30 January 2018, revised 28 March 2018
Accepted for publication 20 April 2018
Published 17 January 2019
Abstract
We investigate the turbulent structures associated with positive and negative
high-amplitude wall pressure peaks in fully developed turbulent channel ﬂows.
The analysis is performed by conditional sampling of a channel ﬂow dataset
computed in direct numerical simulations. The Reynolds number was varied
from 180 to 4000 based on the channel half-depth h and the friction velocity
uτ. Positive and negative wall pressure events were associated with small-scale
vortex structures identiﬁed by Q-criterion. When scaled in wall units, the
overall size of the structure was independent of Reynolds number. Positive
and negative wall pressure events were also associated with a large-scale
sweep motion (ofO( )h ) from the outer layer, which constitutes a shear layer in
the near-wall region. In a statistical analysis of the instantaneous pressure ﬁeld,
a sequence of negative and positive pressure peaks was found to predominate
at the wall. The relative contributions from the large- and small-scale struc-
tures were qualitatively assessed by investigating the rapid and slow pressure
terms from Poisson’s equation. Both terms contributed nearly equally to the
positive wall pressure peaks, but the slow term dominated the negative pres-
sure peaks (with a relative contribution of approximately 60%).
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1. Introduction
By solving Poisson’s equation for pressure ﬂuctuations, we can understand the non-local
features of the wall pressure beneath a turbulent boundary layer. Studies on wall pressure
ﬂuctuations have been extensively reviewed by Willmarth (1975), Eckelmann (1990), and
Bull (1996). Broadly, the results suggest that wall pressure comprises low-frequency (large-
scale) and high-frequency (small-scale) ﬂuctuations.
The coherent turbulent sources of low and high-frequency ﬂuctuations have been elu-
cidated by the conditional sampling technique. Low-frequency ﬂuctuations have been related
to turbulent structures in the outer layer, whereas high-frequency ﬂuctuations are thought to
arise from structures near the wall. Herein, we brieﬂy review studies on the former rela-
tionship. Panton et al (1980) investigated the correlation, R ,p uw between wall pressure pw and
streamwise velocity u, and investigated also the correlation, R ,p vw between wall pressure pw
and wall-normal velocity v. They found that the correlations extend across the boundary layer.
Extending this analysis, Kobashi and Ichijo (1986) split the pressure signal into low- and
high-frequency parts by a cut-off frequency of 800 Hz (ωδ/U∞=7.392, where ω is the
angular frequency, δ is the boundary layer thickness, and U∞ is the free-stream velocity).
They found that the correlation between the low-frequency part and the velocity components
extends beyond the boundary layer.
The high-frequency (small-scale) ﬂuctuations of the wall pressure are especially inter-
esting. Herein, we review the relations between high-frequency ﬂuctuations in the wall
pressure and the structures in the buffer layer. Schewe (1983) resolved the essential structures
of the ﬂuctuating wall pressure by repeatedly measuring the pressure beneath a turbulent
boundary layer. For this purpose, a transducer of size n= = t+ +( )/d d u d19 was utilized,
where v is the kinematic viscosity and uτ is the friction velocity. The high-amplitude ﬂuc-
tuations were identiﬁed by visually inspecting the pressure signals detected by the small
transducer. According to Schewe (1983) and Karangelen et al (1993), these large-amplitude,
high-frequency ﬂuctuations are generated at the wall as short wavetrains or pulses with
durations that reasonably scale with wall units (Dinkelacker et al 1989). Their source was
estimated to locate at »+y 21 in the buffer layer.
To distinguish the organized motions related to positive and negative high-frequency
pressures at the wall, many researchers have applied conditional sampling techniques.
Johansson et al (1987) measured the velocity conditioned by high-amplitude positive wall
pressure in a turbulent boundary layer. The signature of the near-wall shear layer appeared as
a sharp step-like rise in the streamwise velocity u, accompanied by a sharp decline in v.
Negative pressure events were presumably correlated with sweep events, as they occurred
during periods of decreasing u and increasing v. Haritonidis et al (1990) conducted the
conditional sample analysis based on the accelerating and decelerating events of u, and based
on the pressure peaks as well as the peaks of Reynolds stress. Their results of pressure peak
resembled those of Johansson et al (1987). They also mentioned the non-symmetric pattern of
the conditioned spanwise velocity w, which induced asymmetric structures in the x−y plane
(where x and y refer to the streamwise and wall-normal directions, respectively).
Dinkelacker and Langeheineken (1983) associated the positive high-amplitude wall
pressure with the shear layer in a turbulent pipe ﬂow. Like Johansson et al (1987), they
associated negative pressure events with decreasing u and increasing v. The amplitudes of the
conditioned u and v were lower than in positive pressure conditioning, suggesting that
negative pressure events are less correlated with the streamwise and wall-normal velocities
than positive pressure events. Snarski and Lueptow (1995) obtained the same results when
exploring the effect of transverse-wall curvature on the cylindrical boundary layer of a
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turbulent ﬂow ﬁeld. Naguib et al (2001) studied whether a stochastic estimation can capture
the conditioned streamwise velocity associated with wall pressure events. To validate their
stochastic estimation, they conditionally sampled the streamwise velocity referred to the
pressure events. Their conditional results also resembled those of Johansson et al (1987).
However, experiments cannot reveal the static pressure in the turbulent boundary layer.
This limitation has motivated further analysis by direct numerical simulations (DNS). The
sources of high-amplitude pressure peaks have been investigated in a few studies. Johansson
et al (1990, 1991) extracted the dynamics of the near-wall shear layer from a DNS database of
channel ﬂows at low Reynolds number. They detected a positive pressure peak at the wall
beneath the shear layer. Kim et al (2002) explored the organized motion of pressure peaks in
DNS of a turbulent boundary layer at low Reynolds number. They estimated the space–time
correlation between the wall pressure and the streamwise vorticity, and related the wall
pressure events to a pair of near-wall streamwise vortices. According to conditional sampling
analysis, the positive and negative pressure events are associated with the inward motion of
the pair of streamwise vortices and the outward motion of the near-wall streamwise vortices,
respectively. More recently, Ghaemi and Scarano (2013) calculated the ﬂuctuating pressure
ﬁeld from Poisson’s pressure equation. They obtained the velocity ﬁeld within the inner layer
by tomographic particle image velocimetry (Tomo-PIV). The conditional results indicated a
hairpin vortex with a positive pressure peak located between the legs, and a negative pressure
peak at the spanwise head of the hairpin.
The following question arises: do the high-amplitude, high-frequency pressure events
correlate with the large-scale structures, or only with the structures in the near-wall region?
Thomas and Bull (1983) explored the correlation between the low- and high-frequency parts
of the pressure signal. The correlation peaked at approximately 0.15, suggesting that the two
components are interdependent. The average velocity conditioned by the high-amplitude
high-frequency part of the pressure exhibited a sharp, step-like of the bursting process, and it
was found to extend across the boundary layer. As the wall pressure is strongly correlated
with the velocity in the y direction, it might characterize the large-scale ﬂow structure.
Dinkelacker et al (1989, 1990) extended the measurements in turbulent pipe ﬂows. When
averaging the streamwise velocity by the positive pressure peaks, they observed that the
conditioned u traveled over a large distance in the streamwise direction (at wall distances up
to »/y R 0.6, where R is the pipe radius). These observations supported the proposed idea
that the high-amplitude high-frequency events are correlated with large-scale structures. The
negative peaks exhibited no such features.
Kobashi and Ichijo (1986, 1990) conducted conditional sampling of the wall pressure and
streamwise velocity triggered by the ﬂow outside the boundary layer, and by the burst
signature. When invoked by a burst signature, the ﬂow outside the boundary layer exhibited a
periodic behavior. Accordingly, the authors postulated that large-scale motions are composed
of periodic and non-periodic parts, and that bursting occurs during the periodic part. In this
regard, the bursting process, and hence the positive high-amplitude pressure peak, is pre-
sumably related to the large-scale structure.
The above studies, which relate the coherent structures to the high-frequency, high-
amplitude pressure ﬂuctuations, motivated the present study in several ways. First, the high-
frequency high-amplitude positive pressure peaks might be correlated with the large-scale
structures in the outer layer (Thomas and Bull 1983, Kobashi and Ichijo 1986, 1990, Din-
kelacker et al 1989), but the interaction between the large- and small-scale structures remains
unclear because the measurements in previous analyses were pointwise rather than con-
tinuous. Moreover, such correlations have not been investigated at negative pressure,
although positive and negative pressure peaks occur consecutively rather than individually.
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Schewe (1983) reported that high-amplitude pressure peaks occur as a wavetrain. Accord-
ingly, the negative pressure peaks may be associated with the same organized motion.
Analyzing this phenomenon would clarify the correlation between negative pressure peaks
and the large-scale structures.
Second, Ghaemi and Scarano (2013) correlated both positive and negative pressure
events with hairpin eddy structures in the turbulent boundary layer. However, the conﬁg-
uration of their averaged hairpin eddy appears to differ from that obtained by Adrian (2007)
being based on the maximum ejection event in DNS of the channel ﬂow. Accordingly, the
correlation between the positive and negative pressure events and the small-scale vortex
structure in turbulent channel ﬂow is to be investigated.
Third, the turbulent structures related to high-frequency pressure peaks have been
intensively studied in conditional sampling experiments, but DNS studies are sparse despite
the accessibility to static pressure ﬁelds, which are provided in DNS databases but are difﬁcult
to measure. According to our literature survey, the analysis of Johansson et al (1990, 1991)
about the near-wall shear layer from DNS, and the conditional analysis of the wall pressure of
Kim et al (2002), were the only investigations that discussed the structures related to the
pressure events. Although Ghaemi and Scarano (2013) recently analyzed the static pressure
ﬁeld inside the boundary layer, their calculations were based on a measured velocity ﬁeld by
Tomo-PIV.
Finally, exploring the structures of high-frequency, high-amplitude pressure peaks at
high Reynolds number and their dependence on Reynolds number are worthwhile enterprises,
as increasing the Reynolds number alters the structure.
Under the above considerations, we investigate the coherent structures in both the inner
and outer regions that correlate with the high-amplitude wall pressure peaks in turbulent
channel ﬂows. We also investigate the Reynolds number dependency of the structures.
During the analysis, we access a DNS database of channel ﬂows with friction Reynold
numbers ranging from 180 to 4000, based on the channel half-depth and the friction velocity.
The structures are detected by conditional sampling analysis of the positive and negative
wall pressure events. The roles of the small-scale and large-scale structures are evaluated by
averaging the vortex structures (identiﬁed by Q-criterion) and averaging the velocity ﬁeld
over a large space volume, respectively. Following Kim (1989), we divide the total pressure
into its rapid and slow components to estimate the relative contributions from both scales of
the structures to the high-amplitude pressure peaks. We also correlate the high-amplitude wall
pressure to the static pressure across the channel, which has not been previously attempted.
The remainder of the article is organized as follows. Section 2 overviews the utilized DNS
dataset and introduces the numerical schemes of the analysis. The results are discussed in
section 3. The paper concludes with section 4.
2. Numerical procedures
2.1. Target flow and governing equations
The simulations refer to a DNS database of two-dimensional fully developed incompressible
turbulent ﬂows between two parallel planes. The coordinate system is (x, y, z), where x, y and
z represent the streamwise, wall-normal, and spanwise coordinates, respectively. The
corresponding velocity ﬂuctuations in the three directions are given by ui with i=1, 2, 3 or
(u, v, w). The mean velocities in the three directions are expressed as Ui with i = 1, 2, 3 or (U,
V, W). The channel half-depth is h, and Lx, Ly and Lz denote the computational domain sizes
in the streamwise, wall-normal, and spanwise directions, respectively. The present DNS
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conditions are shown in table 1. The domain size is relatively large for detecting the large-
scale structures around the center of the channel. The time integration length T+ in table 1 is
normalized by the Reynolds number for measuring the stability of the statistical results.
Periodic boundary conditions are applied in the streamwise (x) and spanwise (z) directions,
and no-slip/no-penetration boundary conditions are imposed on the velocities at the wall. The
grid spacing is uniform in the streamwise and spanwise directions and is reﬁned near the wall
in the wall-normal direction to account for the viscosity there. Hence, a hyperbolic tangent
algebraic equation is applied for the grid spacing in y direction. Table 1 displays the grid
resolutions in the three directions D D D+ + +( )x y z, , , the grid resolution at the wall D +( )y ,w
and the grid resolution at the center of the channel D +( )y .c The number of grid points in each
direction is also given in the table. The plus sign ʻ+ʼ denotes that the variable is scaled in wall
units, where the friction velocity tu is the velocity scale, and the viscous length n t/u
represents the length scale.
The incompressible Navier–Stokes equations are numerically solved by a hybrid Fourier
spectral ( )x y, and a second-order central difference method in the y direction (Yamamoto and
Kunugi 2011, 2016). The convection, viscosity and pressure terms are time-advanced by the
third-order accuracy Runge–Kutta method, the Crank–Nicolson method and the implicit Euler
method, respectively. The Poisson’s pressure equation is solved by the two-dimensional fast
Fourier transform scheme and a tridiagonal matrix algorithm.
2.2. Poisson’s pressure equation and the conditional sampling scheme
After Reynolds decomposition of the velocity into its mean and ﬂuctuating components, the
Poisson’s equation for the pressure ﬁeld is given by
 = - ¶ ¶ - ¶ ¶ ¶ ¶ ¶ ¶ = ¶ ¶t=( )( ) ( )( ) ∣ ( )( )
( )
/ / / / / / /p U y v x u x u x p y Re v y2 d d , 1 ,
1
i j j i y
2
1
2 2
where =i j, 1, 2, 3, and the components of the mean velocity in the channel ﬂow are given
by =( ) ( )U V W U, , , 0,0 . As indicated in the right-hand side of equation (1), the source
term is divided into a linear term called the rapid term (or mean shear term) representing the
interaction of the mean shear with the turbulence, and a nonlinear term with nine components.
The nonlinear term represents the interaction of the turbulence with itself, and is called the
slow term or the turbulence–turbulence term. Kim (1989) expressed the slow and rapid
pressures by equations (2) and (3) respectively, where the boundary condition is assigned
arbitrarly to the slow part:
 = - ¶ ¶ ¶ ¶ ¶ ¶ = ¶ ¶t=( )( ) ∣ ( )( ) ( )/ / / / /p u x u x p y Re v y, 1 . 2s i j j i s y2 1 2 2
Table 1. Summary of the parameters of the DNS dataset.
tRe /L hx /L hy /L hz D +x D +yw D +yc D +z ´ ´N N Nx y z t+/T Re
180 12.8 2.0 6.4 12.0 0.3 3.8 7.2 192×192×160 12.4
400 12.8 2.0 6.4 13.3 0.17 4.3 6.7 384×384×384 10.4
1000 12.8 2.0 6.4 13.3 0.6 8.0 8.3 960×512×768 11.2
2000 16.0 2.0 6.4 16.0 0.6 8.0 8.3 2000×1024×1536 13.3
4000 16.0 2.0 6.4 15.6 0.6 8.0 8.3 4000×2048×3072 14.0
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 = - ¶ ¶ ¶ ¶ ==( )( ) ∣ ( )/ / /p U y v x p y2 d d , 0. 3r r y2 1
The coherent turbulent structures associated with the positive and negative ﬂuctuations of
wall pressure are detected by the conditional sampling technique. When the wall pressure
ﬂuctuation exceeds its local root mean square (rms) value by more than a certain amount, the
local extrema (maxima and minima) of the wall pressure are detected, and the turbulence
quantity M is averaged over part of the DNS computational domain ( )L L L, , .x y z We refer to
this region as ‘the calculation domain of the averaging procedure,’ or simply ‘the conditioned
domain.’ The reference point is the wall pressure located at =( )y zx , 0, .ex ex Thus, the
conditionally averaged quantity is sampled for positive and negative ﬂuctuations of the wall
pressure, respectively denoted as
⟨ ⟩ ( ) ( )M p x z k psuch that , 0, , 4p w ex ex th rms
 -⟨ ⟩ ( ) ( )M p x z k psuch that , 0, , 5N w ex ex th rms
where the brackets ¼⟨ ⟩ refer to conditional averaging by the positive and negative pressures.
As in most previous studies, we ﬁx the threshold value at =k 3.th Note that conditioning the
averaging by the extrema of the wall pressure differs from non-conditional averaging over
time and the wall-parallel plane (in this paper, the non-conditional averages are indicated by
the overbar symbol, ¼‘ ’). For vortex identiﬁcation, we adopt the method of the second
invariant tensor of the velocity gradient tensor, the so-called Q-criterion developed by Hunt
et al (1988) (or Q+ after inner scaling with wall units). The velocity gradient tensor is written
as = ¶ ¶/D u x .ij i j As this is a second- order tensor, it can be decomposed into symmetric and
skew-symmetric parts = + WD S ,ij ij ij where = ¶ ¶ + ¶ ¶( )/ / /S u x u x1 2ij i j j i is the rate-of-
strain tensor, and W = ¶ ¶ - ¶ ¶( )/ / /u x u x1 2ij i j j i is the vorticity tensor. The characteristic
equation of Dij is given by
l l l+ + + = ( )L Q R 0, 63 2
where L, Q, and R are the three invariants of the velocity gradient tensor, respectively
expressed as
= - ( ) ( )L Dtr , 7
= - = W -   [( ( )) ( )] [ ] ( )/ /Q D D S1 2 tr tr 1 2 , 82 2 2 2
= - ( ) ( )R Ddet . 9
Q-criterion deﬁnes a vortex as a connected ﬂuid region with a positive second invariant
of Dij i.e., >Q 0. By deﬁnition of Q, the vortices occur where the vorticity magnitude
exceeds the rate-of-strain magnitude.
3. Results and discussion
3.1. Statistical features of wall pressure fluctuations
The probability density functions (pdfs) of the wall pressure in ﬂows with different Reynolds
numbers are plotted in ﬁgure 1. The pdf shapes are independent of Reynolds number. The
wall pressure ﬂuctuations have larger positive and negative amplitudes than the Gaussian
distribution (dashed line in ﬁgure 1), and the pdfs appear symmetrical with exponential tails.
Hu et al (2006) also reported the invariant shape of the pdfs of the wall pressure with
Reynolds number up to =tRe 1440 from DNSs of turbulent channel ﬂow. However, their
pdfs were plotted within the range  - /p p4 4.rms The higher-order moments of the pdfs
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are listed in table 2. The skewness measures the asymmetric behavior, and the ﬂatness
characterizes the intermittent large-amplitude events. For the purpose of comparing our
results with those of the previous studies, table 2 also contains the experimental results of
Schewe (1983) at = =q t( )Re Re1400 550 , where qRe depends on the momentum thickness
and the free-stream velocity, and Tsuji et al (2007) at high Reynolds number. It is noticed that
the pinhole diameter n= t+( )/d u d is comparable with the grid spacing in the streamwise
directionD +x . The ﬂatness of Hu et al (2006) at =tRe 720 and 1440 for channel ﬂow from
DNS is also included in table 2.
The ﬂatness factor was approximately 5.5 irrespective of Reynolds number, higher than
that of the Gaussian distribution. The same value is approximately obtained by Hu et al
(2006). Tsuji et al (2007) obtained very similar results at the low Reynolds number
=t( )Re 1425 , but slightly lower ﬂatness at the higher Reynolds number =t( )Re 1485 . On
the other hand, the skewness factors slightly increased with Reynolds number, and were
positively valued at the higher Reynolds numbers (2000 and 4000). From this trend, we
concluded that the number of peaks is slightly higher in the extreme positive tail of the
pressure distribution than in the negative tail. Johansson et al (1987) and Ghaemi and Scarano
(2013) reported similar phenomena at lower Reynolds number. Therefore, the variation in
Figure 1. Probability density function (pdf) of wall pressure ﬂuctuations for Reynolds
number range in table 1. The horizontal axis is normalized by the standard deviation.
The (a) linear scale, and (b) logarithmic scale at =tRe 180 (–), =tRe 400 ( ),
=tRe 1000 ( ), =tRe 2000 ( ), =tRe 4000 ( ), and Gaussian distribution (····).
Table 2. Higher-order moments in the present DNS and previous experiments.
Space resolution Reynolds number Skewness Flatness
Present D =+x 12.0 =tRe 180 -0.08 5.73
Present D =+x 13.3 =tRe 400 -0.03 5.49
Present D =+x 13.3 =tRe 1000 -0.001 5.57
Present D =+x 16.0 =tRe 2000 0.02 5.57
Present D =+x 15.6 =tRe 4000 0.07 5.57
Hu et al (2006) D =+x 16.88 =tRe 720 — 5.66
Hu et al (2006) D =+x 16.88 =tRe 1440 — 5.65
Schewe (1983) =+d 19.0 =tRe 550 -0.18 4.9
Tsuji et al (2007) =+d 4.6 =tRe 1425 -0.05 5.2
Tsuji et al (2007) =+d 14.5 =tRe 4185 0.09 4.5
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skewness as Reynolds number increases may inﬂuence the statistical analysis results, such as
the conditional sampling results.
Here, we introduce the frequency of occurrence ( )fp of wall pressure events. This
parameter is deﬁned as the reciprocal of the average time between two successive events. To
compare the present fp results with those of experiments, we follow Johansson et al (1990).
After identifying the pressure events exceeding a threshold k ,th we compute the average
number of events l [ ]/m1p along the streamwise extent of the DNS calculation length L .x
Under Taylor’s frozen hypothesis, fp and lp are related as l=[ ]/f s v1 ,p p c where vc is the
convection velocity. The frequency of occurrence is normalized in wall units as
n= t+ /f f u .p p 2 Here, the convection speed is obtained from the space–time correlation
D D+ +( )R x t,pp of the pressure ﬂuctuations at low Reynolds number =t( )Re 180 . Speciﬁ-
cally, the convection speed changes from ~ »tu U12.35 0.678 cl at Rpp=0.6 to
∼14.52uτ≈0.797Ucl at Rpp=0.2 with an average value of » »tv u U14.1 0.775 ,c cl where
Ucl is the centerline velocity. The estimated vc agrees with the convection speed of the
pressure ﬂuctuations described in Ghaemi and Scarano (2013) who estimated it in turbulent
boundary layers with moderate Reynolds number =tRe 770. They found that the convection
velocity changes from ~ tu12 at =R 0.6pp to ~ tu16 at Rpp=0.2. At the same Reynolds
number =tRe 180, Kim (1989) reported a constant convection velocity of » tv u13 .c
However, his convection speed is different than ours, most likely because the time delayD +t
differs between the two studies. Kim (1989) obtained his results from 50 consecutive pressure
ﬁelds stored at D =+t 3 intervals. At higher Reynolds number, the time delay D +t between
storing the DNS results is insufﬁcient for investigating the space–time correlations and
obtaining the convection velocity.
Figure 2(a) plots the frequency of occurrence +f p of the events versus the threshold level
kth in positive and negative events at =tRe 180. Also plotted are the experimental +f p values
Figure 2. (a) Frequency of occurrence +( )f p of positive (<) and negative (&) pressure
events, normalized in wall units at =tRe 180. The black dashed line (····) is the
exponential ﬁt =+ -f Aep Bkth to both positive and negative events with
= =A B0.17 and 1.5 by Ghaemi and Scarano (2013). Stars (*), diamonds (
positive, negative) and squares ( positive, negative) present the results of
Schewe (1983), Johansson et al (1987) and Karangelen et al (1993), respectively. (b)
Average numbers of positive and negative pressure events per streamwise length l+( )p
normalized in wall units at =tRe 180 (< positive, & negative), =tRe 400 (
positive, negative), =tRe 1000 ( positive, negative), =tRe 2000 ( positive,
negative), and =tRe 4000 ( positive, negative). Inset plots the slope of the
exponential ﬁt l =+ -Cep Dkth versus Reynolds number.
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in turbulent boundary layers obtained by Johansson et al (1987) for =k 1, 2, 3, 4th at
= »q t( )Re Re4940 1600 , by Schewe (1983) for =k 3.2th at =tRe 550, and by Karangelen
et al (1993) at =tRe 1169. The black dashed line in ﬁgure 2(a) is the exponential ﬁt
=+ -f Aep Bk th obtained by Ghaemi and Scarano (2013) at =tRe 770, where
= =A B0.17 and 1.5. The +f p of the pressure events decreases exponentially with
increasing threshold level. Previous studies reported a similarly rapid decrease in the number
of detected events with increasing k .th Moreover, beyond »k 2.5,th the number of negative
events exceeded the number of positive events in our study, consistent with Schewe (1983),
Karangelen et al (1993), and Ghaemi and Scarano (2013), and also with the negative
skewness at =tRe 180 (table 2). This means that when >k 2.5,th the average time between
the negative events is less than the time between the positive events. Conversely, Johansson
et al (1987) reported the same frequency +f p for both positive and negative events; their
+f p
was also lower than our +f .p This discrepancy may arise from the larger pinhole diameter of
the pressure transducer =+( )d 65 of Johansson et al (1987) compared with that of Schewe
(1983) =+( )d 19 , and Karangelen et al (1993)  +( )d33 66 .
We now investigate the effect of Reynolds number on l+.p As already stated, the pressure
ﬁelds of our DNS data are stored at longer time intervals D +t with increasing Reynolds
number, precluding a proper calculation of the space–time correlation. Consequently, the
convection velocity cannot be determined at high Reynolds number. Figure 2(b) plots l+p
versus the threshold level kth at different Reynolds numbers. The results show a small
variation at different Reynolds numbers. However, as the Reynolds number increases, the
detected positive and negative events are approximately equal for the different threshold
levels k .th The inset plots the slope of the exponential ﬁt l =+ -Cep Dk th for both positive and
negative pressure events at different Reynolds numbers. The ﬁts were calculated for
< <k2.5 3.5.th The slope changes slightly from =D 1.24 at =tRe 180 to =D 1.34 at
=tRe 4000. The Reynolds number dependence of the slope indicates that the numbers of
negative and positive events converge beyond »k 2.th Supporting this result, the skewness
factor of the wall pressure slightly increases at higher Reynolds numbers (table 2), suggesting
that the contribution from the turbulent structures to the positive peaks may differ at higher
Reynolds numbers.
Figure 3 shows the contributions of the positive and negative pressure ﬂuctuations to the
rms of the wall pressure, as functions of threshold k .th The contribution ratio g( ) deﬁnes the
Figure 3. Contribution ratio g( ) versus threshold k th at =tRe 180 (<), =tRe 400 ( ),
=tRe 1000 ( ), =tRe 2000 ( ), and =tRe 4000 ( ).
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ratio between the rms of the pressure ﬂuctuations exceeding kth to the rms of all pressure
ﬂuctuations:
g = ∣ ( )/p p . 10w p k p2 rmsth rms
Observing ﬁgure 3, we ﬁnd that large-amplitude events with thresholds k 3th con-
tribute nearly 40% of the total rms, as also reported by Schewe (1983). Karangelen et al
(1993) obtained a somewhat higher contribution (49%) up to the same threshold. Also,
amplitudes larger than =k 2th contribute approximately 60% to the total rms, consistent with
Ghaemi and Scarano (2013). This result highlights the importance of the high-amplitude
events, which occur with low probability but signiﬁcantly contribute to the pressure rms. Note
that the contribution ratios are independent of Reynolds number.
In this subsection, we analyzed the statistics of the wall pressure ﬂuctuations. The pdf
proﬁles were self-similar at different Reynolds numbers. However, the frequency of occur-
rence of positive and negative events l+( )p was slightly inﬂuenced by Reynolds number.
3.2. Conditional sampling results
3.2.1. Characteristics of high-amplitude pressure events. Before relating the high-amplitude
wall pressure ﬂuctuations to the turbulent structures inside the channel ﬂow, we summarize
the averaged spatial features of the pressure events. In previous experimental studies, the wall
pressure was measured by an array of pressure transducers installed on the wall, which cannot
obtain the three-dimensional features of the conditional pressure ﬁeld. Accordingly, the three-
dimensional pressure ﬁeld conditioned by the high-amplitude pressure peaks must be
computed in DNS, or from the velocity ﬁeld measured by Tomo-PIV (as in Ghaemi and
Scarano 2013). Here we determine the averaged static pressure inside the channel conditioned
by the positive and negative wall pressures at different Reynolds numbers.
The calculation domain in the conditional sampling procedure is sized h h h4 , , and in
the streamwise, spanwise, and wall-normal directions, respectively. Within this large
calculation domain, we can properly detect the correlation between the high-amplitude wall
pressure pw and the static pressure ﬂuctuations p across the channel. Figures 4 and 5 plot the
averaged static pressure ﬁelds normalized by their standard deviations (⟨ ⟩ /p pP rms and
⟨ ⟩ )/p pN rms for the positive and negative high-amplitude wall pressures, respectively, at=tRe 180 (where high-amplitude denotes = )k 3 .th In both ﬁgures, the ﬁlled and empty
contour lines denote positive and negative pressures, respectively. In x–y plane, the large-
amplitude pressure peaks bounded by the contour lines =⟨ ⟩ /p p 3P rms and = -⟨ ⟩ /p p 3N rms
Figure 4. Averaged pressure contours of positive events ( )k 3 ,th normalized by
standard deviation ⟨ ⟩ /p pP rms in (a) x–y plane, and (b) x–z plane at the wall (⟨ ⟩ )/p pw P rms
at =tRe 180. (c) Averaged pressure along the line = (⟨ ⟩ )/z p p0 .w P rms
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extend to »+y 20, and »+y 30, respectively, in the wall-normal direction (ﬁgures 4(a) and
5(a)). The gradual attenuation of the pressure amplitude across the channel is associated with
a non-local feature of the pressure ﬂuctuations. Also, the pressure contours are inclined in the
streamwise direction. Toward the wall, the inclination is steeper for the negative events than
the positive events. Therefore, the pressure ﬁeld might correspond to inclined structures in the
channel ﬂow.
At the wall of x–z plane, the similarly shaped contours (ﬁgures 4(b) and 5(b)) suggest that
positive and negative wall pressure events are related to the same turbulent structures inside
the channel. Furthermore, the positive high-amplitude pressure in ﬁgure 4(b) is bounded by
two negative bulbs of low-amplitudes pressure = -(⟨ ⟩ )/p p 0.5 .w P rms The negative pressure
bulb is slightly larger at the upstream side than at the downstream side, and is much closer to
the positive peaks than the downstream bulb, indicating that the wall pressure events are
asymmetric about =x 0. The reverse appears for the negative wall pressure events
(ﬁgure 5(b)).
The pressure event is located at = =x y0, 0.ex ex According to Karangelen et al (1993),
the duration of the event is deﬁned by the number of zero crossings of the contour line.
Adopting this deﬁnition in our DNS, we estimate the streamwise extension of the pressure
events in the same way, where d +xP and d +xN are the streamwise extensions of the positive and
negative pressure events, respectively. Figure 4(c) plots the average wall pressure ﬁeld of
positive events normalized by the standard deviation ⟨ ⟩ /p pw P rms along the dashed line =+z 0
(which represents the x-axis) in ﬁgure 4(b), and passing through the center point
= =x y0, 0.ex ex The same plot for negative events is shown in ﬁgure 5(c). From these
plots, the length scale of the events is approximated as d d» »+ +x x 100.P N
Figures 6 and 7 display the averaged pressure contours for positive and negative events,
respectively, at =tRe 4000. To facilitate comparison with the results at low Reynolds
number =t( )Re 180 , we ranged the coordinates from = - =+ +x x150 to 150. The contours
in ﬁgures 6 and 7 at =tRe 4000 seem not to show the same spatial features as their
counterparts in ﬁgures 4 and 5. Firstly, it is noted that increasing the Reynolds number
increases the areas enclosed by the contour lines. The changes differ between the positive and
negative peaks, with shorter length scales for the negative contours.
Secondly, it is observed that the negative bulbs ﬂanking both sides of the positive events
in ﬁgure 4 are absent in ﬁgure 6. This phenomenon is further clariﬁed in ﬁgure 8(a), which
plots the average wall pressure ﬁeld normalized by the standard deviation ⟨ ⟩ /p pw P rms for
various Reynolds numbers along the line =z 0. These plots reveal the following features. At
all Reynolds numbers, the peak wall pressure reaches »⟨ ⟩ /p p 3.5.w P rms The amplitudes of
Figure 5. Averaged pressure contours of negative events  -( )k 3 ,th normalized by
standard deviation ⟨ ⟩ /p pN rms in (a) x–y plane, and (b) x–z plane at the wall
(⟨ ⟩ )/p pw N rms at =tRe 180. (c) Averaged pressure along the line = (⟨ ⟩ )/z p p0 .w N rms
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the two negative pressure minima ﬂanking the positive event decrease with increasing
Reynolds number, as they could not be represented by the contour line = -⟨ ⟩ /p p 0.5w P rms
(unlike the case of =t )Re 180 . The negative pressure events exhibit similar behavior, with a
Figure 6. Averaged pressure contours of positive events normalized by standard
deviation ⟨ ⟩p pp rms in (a) x–y plane, and (b) x–z plane at the wall (⟨ ⟩ )p pw P rms
at =tRe 4000.
Figure 7. Averaged pressure contours of negative events normalized by standard
deviation ⟨ ⟩ /p pN rms in (a) x–y plane, and (b) x–z plane at the wall (⟨ ⟩ )p pw N rms
at =tRe 4000.
Figure 8. Averaged (a) positive wall pressure ⟨ ⟩ /p pw P rms, and (b) negative wall
pressures ⟨ ⟩ /p pw N rms along the line =z 0 at =tRe 180 (–), =tRe 400 (–),
=tRe 1000 (–), =tRe 2000 (–), and =tRe 4000 (–).
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reverse attitude. At =tRe 180, 400, 1000, 2000, the sizes of the positive and negative
events were extended by d »+x 100, 130, 770,P 950 and d »+x 100,N 130, 650, 750,
respectively. Dinkelacker et al (1989) reported a similar Reynolds number dependence of the
streamwise extension of pressure events in turbulent pipe ﬂows. They estimated their length
scales from the average duration times of the events, assuming that the convection velocity of
the pressure events is 0.75 times the centerline velocity. However, Dinkelacker et al (1989)
attributed this effect to the resolution of the wall pressure transducer. The pinhole diameter of
their pressure transducer ranged from =+d 5 at low Reynolds number ( = - )U 2.9 m s ,cl 1 to
=+d 23 at the highest Reynolds number = -( )U 17.0 m s ,cl 1 where Ucl is the centerline
velocity. In our DNS data, the streamwise grid resolution D +x was comparable with the
pinhole diameter of the pressure transducer recommended by Schewe (1983); that is,
=+d 19. Accordingly, the Reynolds number-dependent change in length scales of the high-
amplitude peaks is associated not with the transducer resolution, but to the fact that these
high-amplitude peaks occur preferentially within a large-scale event (which becomes more
prominent as Re increases). It is of importance to report here that the analysis of the structures
related to these events conducted in the previous studies of Johansson et al (1987) and
Dinkelacker et al (1989) was based on the idea that their average time of occurrence scales in
wall units, which strongly enhances the suggestion about their correlation with structures in
the buffer layer. Accordingly, the failure of scaling with the inner variables with increasing
Reynolds number indicates the association of the events with different structures across the
channel ﬂow, and not related to just the structures in the near-wall region. Naguib et al (2001)
reported the average durations of pressure events at two Reynolds numbers, and obtained
similar results to the present study.
Figure 9(a) shows the three-dimensional features of the averaged pressure ﬁeld generated
by positive pressure events at =tRe 1000. The ﬁgure indicates two nested isosurfaces of the
averaged pressure that take the values =⟨ ⟩ /p p 0.2,P rms and 1. In ﬁgure 9(b), two nested
isosurfaces of the averaged pressure ﬁeld by negative pressure events at =tRe 1000 that take
the values = -⟨ ⟩ /p p 0.2,N rms and-1 are shown. The averaged positive pressure ﬁeld is more
strongly correlated in the wall-normal direction than the ﬁeld generated by negative events.
Accordingly, the negative events might be more inﬂuenced by the near-wall turbulent
structures than the positive events.
In the following subsections, the relation between high-amplitude wall pressure events
and the turbulent structures in the ﬂow by means of the conditional sampling is discussed.
The relation to the small-scale vortex structures is discussed at ﬁrst in section 3.2.2. Then, the
Figure 9. Isosurfaces of averaged (a) positive pressure =⟨ ⟩ /p p 1P rms (red), and
=⟨ ⟩ /p p 0.2P rms (blue); (b) negative pressure = -⟨ ⟩ /p p 1N rms (blue), and
= -⟨ ⟩ /p p 0.2N rms (green). In both cases, =tRe 1000.
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effect of the large-scale structure is addressed in section 3.2.3. Finally, the contribution from
both structures is indicated in section 3.2.4.
3.2.2. High-amplitude peaks and small-scale structures
3.2.2.1. Positive peaks. Recently, Ghaemi and Scarano (2013) attributed pressure events to
small-scale vortex structures in the near-wall region. They measured the velocity ﬁeld in the
inner region by Tomo-PIV. The time-resolved velocity ﬁeld is applied to obtain the material
derivative using the Lagrangian method followed by integrating Poisson’s equation, and
hence obtaining the pressure ﬁeld. The ﬁeld of view of measurement was ( )418, 149, 621 in
wall units in streamwise, wall-normal, and spanwise directions, respectively, and the
calculation domain used in the conditional sampling analysis was ( )290, 110, 240 in terms of
wall units at =tRe 770. After averaging the vortex ﬁeld identiﬁed by Q-criterion and
conditioning it by the wall pressure, they obtained a hairpin eddy structure. They suggested
that positive wall pressure is generated between the legs of the hairpin eddy. They also
detected a symmetric shear layer in the symmetric plane of the hairpin eddy, which they
attributed to high-speed ﬂuid upstream of the detection point. As it is swept toward the wall,
this high-speed ﬂuid might impact the low-speed ﬂuid at the downstream side, which is lifted
by the effect of the quasi-streamwise legs and spanwise head of the hairpin eddy.
To detect the average vortex structures in turbulent channel ﬂows, we followed the
conditional sampling analysis of Ghaemi and Scarano (2013). As we are mainly concerned
with small-scale vortex structures, averaging over a large calculation domain may be
computationally excessive. For the averaging procedure, we thus reduced the computational
domain to the domain size of Ghaemi and Scarano (2013). However, the conditional sampling
was found to be unaffected by domain size. Figure 10(a-I) shows the three-dimensional
organization of the vortex structure identiﬁed by Q-criterion and normalized in wall units
around the high-amplitude positive pressure ﬂuctuation at the wall for =tRe 400. The panels
are viewed in the inner-scaled coordinate frame. The structure shown in the ﬁgure was
obtained with the threshold level, =+Q 0.0025. The vector ﬁeld in the ﬁgure is colored by
their velocity magnitudes. The averaged eddy structure consists of two parts: a downstream
part resembling a hairpin eddy, and an upstream part shaped like a heart (encircled by the blue
dashed circle), which will be discussed in the next subsection. The downstream part is
symmetric about =+z 0, and exhibits two streamwise legs and a spanwise head. This
structure appears not to be inclined to the wall, and also locates close to the wall (always
within »+ )y 40 , with streamwise and spanwise coherences of O( )100 in wall units. Similar
spatial features of the averaged eddy were obtained by Ghaemi and Scarano (2013), who also
could not clarify whether the averaged eddy was attached to the wall (see ﬁgure 19(e) in
Ghaemi and Scarano (2013)).
Figure 10(a-II) shows the velocity ﬁeld in x–y plane with the vertical projection of the
vortex structure on the x–y plane. Figure 10(a-II) exhibits a clear shear layer with streamwise
velocity gradients ¶ ¶/u x and ¶ ¶/u y in the x–y plane which separates the high- momentum
ﬂuid from that with a momentum deﬁcit. Itscharacteristic signature is a large-amplitude wall
pressure beneath the convective stagnation line. As observed by Ghaemi and Scarano (2013),
the sweep motion seems to originate beyond the inner layer (beyond =+ )y 100 , as will be
discussed in section 3.2.3, whereas the ejection event is induced by the near-wall eddy.
Figure 10(a-III) shows the velocity ﬁeld in -x z plane at =+y 15. Two wall-normal swirl
motions are centered at » + +( ) ( )x z, 80, 30 . However, these eddy structures are not
perfectly consistent with the two streamwise legs of the downstream eddy structure.
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Figure 10(b) shows the averaged vortex structure in the same conﬁgurations as
ﬁgure 10(a), but at a higher Reynolds number =t( )Re 4000 . The structure is not signiﬁcantly
changed by increasing the Reynolds number, and a shear layer also appears in ﬁgure 10(b-II).
However, the shear layer is much closer to the wall than that observed in ﬁgure 10(a), and
seems to have a different angle, as will be discussed in detail in section 3.2.3.1. On the other
hand, the two swirl motions in the x–z plane of ﬁgure 10(a-III) are absent in ﬁgure 10(b-III),
suggesting that they are unrelated to the two legs of the vortex structure in ﬁgure 10(a-III).
In conclusion, although the positive high-amplitude wall pressure did not yield a clear
hairpin eddy, the signature of the hairpin was observed in the velocity ﬁeld. The lack of an
organized hairpin eddy might be due to the variable vortex shapes in the near-wall region.
Moreover, Q-criterion is not the most convenient criterion for identifying hairpin eddies.
Hence, a deﬁnite vortical structure might be difﬁcult to obtain. At least, we conﬁrmed that
Figure 10. Isosurfaces of the vortex organization =+Q 0.0025 (transparent black), and
the average pressure =⟨ ⟩ /p p 3P rms (solid red). (I) Three-dimensional view, (II) front
view with the velocity vector ﬁeld in x–y plane, and (III) horizontal view with the
velocity vector ﬁeld in x–z plane at =+y 15: (a) =tRe 400, and (b) =tRe 4000. The
colors of the velocity ﬁelds in (II) and (III) denote the velocity magnitudes (blue low:
red high).
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positive pressure events are related to the small-scale vortical structures, as they uplift the
low-speed streak downstream of the detection point.
3.2.2.2. Negative peaks. Ghaemi and Scarano (2013) associated the negative peaks with
various small-scale eddy structures, which are mainly responsible for the high-amplitude
negative events. The vortex structures in the near-wall region induce high-amplitude negative
pressure zones within their cores, which imprint negative pressures at the wall. However, the
hairpin conditional eddy introduced in their study was not obtained in our analysis. Figure 11
shows the averaged eddy structures after conditional sampling of negative events at
=tRe 400 and 4000. The coordinates are again represented by inner scaling. The shape
formed by the different vortical structures within the channel ﬂow does not depend on the
Reynolds number, and scales in terms of wall units. This structure extends to »+y 50 from
the wall, and is symmetric about the x–y plane at =+z 0 with streamwise and spanwise
coherences of O( )100 and O( )50 , respectively. Instantaneous realizations (not shown here)
Figure 11. Isosurfaces of the vortex organization =+Q 0.002 (transparent black), and
the average pressure =⟨ ⟩ /p p 3N rms (solid blue). (I) Three-dimensional view, (II) front
view with the velocity vector ﬁeld in x–y plane, and (III) horizontal view: (a)
=tRe 400 and (b) =tRe 4000. The colors in the velocity ﬁeld of (II) represent the
velocity magnitudes (blue low: green high).
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indicated that negative pressure is mainly associated with quasi-streamwise, spanwise, and
hairpin eddy structures. The hairpin detected by Ghaemi and Scarano (2013) may be obtained
after separating the different structures, then capturing the hairpin eddy by conditional
sampling. However, a separation step is not mentioned in their study.
The velocity vector ﬁeld in ﬁgures 11(a-I) and (b-II) exhibits an ejection motion before
the negative pressure event, and a sweep motion beyond it. The negative pressure event and
the small-scale vortex structure seem to be consistent with this roll-up motion. As observed in
the positive pressure events, the sweep motion apparently extends beyond the inner layer
(beyond »+ )y 100 , as will be discussed in section 3.2.3.
It is important to report here that this structure is similar to the heart-like shape structure
that is obtained by the detection by positive pressure events in ﬁgure 10 (in front of the
detection point highlighted by the dashed circle). Accordingly, we can deduce that the
positive and negative pressure events tend to occur consecutively, with the negative events
occurring at the upstream side. The appearance of this structure upstream of the detection
point in ﬁgure 10 may be related to a negative pressure event upstream of the positive one. It
is also noticed that the slight variation in the heart-like shape structure between =tRe 400
and =tRe 4000 is obtained when conditioned the small-scale structures by either the positive
or the negative wall pressures.
Lenaers et al (2012) indicated that sudden back ﬂow (negative streamwise velocity) and
high-amplitude wall-normal velocity ﬂuctuations (strong v-events) occur rarely in the near-
wall region. This was conﬁrmed by Brücker (2015) and Vinuesa et al (2017). In addressing
the correlation between the wall pressure and these rare events, Lenaers et al (2012)
introduced the joint pdf between the pressure ﬂuctuations and both, the streamwise velocity
and wall-normal velocity ﬂuctuations at »+y 0.71. Figure 12(a) in Lenaers et al (2012)
shows that extreme negative pressure ﬂuctuations are correlated with negative streamwise
velocity corresponding to oblique vortices. In addition, ﬁgure 12(b) in Lenaers et al (2012)
indicates that extreme negative wall pressure ﬂuctuations are correlated with extreme positive
wall-normal ﬂuctuations. However, as the back ﬂow and the strong v-events occur rarely
(percentage of ﬂow reversal is about 0.06% at =tRe 1000, and frequency of occurrence of
strong v-events is 0.052% at =tRe 1000, Lenaers et al 2012), we suppose that a bi-
directional relation between the negative pressure events and these rare events may not exist.
The small-scale vortex structure from these rare events may introduce a negative pressure
event at the wall, but the reverse may not be true; meaning that not all the negative wall
pressure events are related to either the negative streamwise velocity or the strong v-events.
Investigation such correlations between the negative pressure events and these rare events
from the statistical point of view are left for the future.
3.2.3. High-amplitude peaks and large-scale structures. The above conditional sampling
results suggest a role for small-scale structures in generating both positive and negative
pressure events. The small calculation domain of the present conditional sampling, and the
investigation of Ghaemi and Scarano (2013), could not capture the large-scales of motion
related to the events. In this subsection, we investigate the structures related to the pressure
events in a relatively large calculation domain, with dimensions of h h h4 , , and in the
streamwise, wall-normal, and spanwise directions, respectively.
3.2.3.1. Positive peaks. Johansson and Alfredsson (1982) identiﬁed the shear layer by the
streamwise velocity u, which is associated with a high velocity gradient, ¶ ¶/u y. Variable
interval time averaging technique for detecting the shear layer was considered when the
variance of u averaged over a ‘short’ time exceeded a threshold level times the ‘long’ time
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averaged variance of the streamwise velocity, u .rms The detection position was =+y 15.
Here, we characterize the features of the shear layer associated with the positive wall pressure
events in terms of the streamwise velocity, u, at the different Reynolds numbers. Notably,
Alfredsson et al (1988) and Johansson et al (1990, 1991) indicated that the instantaneous
shear layer structures may be developed either symmetrically or asymmetrically with respect
to =+z 0. From the temporal evolution of the near-wall shear layer, they concluded that the
asymmetric shear layers arise from the meandering feature of high- and low-speed streaks in
the buffer layer with a higher probability to occur compared with the symmetric ones.
However, the spanwise asymmetry is lost in the conventional conditional sampling. To retain
this feature, Johansson et al (1990, 1991) switched the z-coordinates according to the sign of
the spanwise derivative of the streamwise velocity, ¶ ¶/u z, at the detection point =+y 15. In
the present study, we retain the symmetric feature by adding Johansson et al’s (1990, 1991)
constraint to the positive pressure event represented by equation (4).
The shear layer in the wall-parallel plane was spatially characterized in x–z plane at
=+y 15, and in x–y plane. Figure 12 shows the averaged streamwise velocity +⟨ ⟩u P in x–z
plane, which reveals the meandering feature of the high- and low-speed ﬂuids. The
appearances of the low- and high-speed ﬂuids are essentially invariant with Reynolds number.
The averaged spanwise spacing of the low-speed ﬂuid is around D =+z 50 for the different
Reynolds numbers which is approximately the same as the distance between low- and high-
speed streaks in the viscous sublayer. In contrast, the spanwise spacing of the high-speed ﬂuid
increases with increasing Reynolds number. Therefore, the high-speed ﬂuid is related to the
structures originating far from the wall.
A remarkable feature appears in the spanwise phasing of the shear layer. As discussed in
Johansson et al (1987, 1990, 1991), the positive pressure peak occurs at the wall, and the
shear layer signature is detected directly above it at =+y 15. In the conditional averaging
scheme produced in the present paper, the positive pressure peak is centered at the bottom of
the computational domain. Accordingly, it is expected that the shear layer to be centered in
the wall-parallel x–z plane at =+y 15. But, in ﬁgures 12(b)–(d) at =tRe 1000, 2000 and
4000, it might be observed some shifting of the shear layer in z direction along the line =x 0
by a value of D »+z 8.3 (dashed red line) compared with that in ﬁgure 12(a) at =tRe 400.
This shifting at =tRe 1000, 2000 and 4000 is assignable to the spanwise grid of our DNS
database, which takes the value of D =+z 8.3 at these Reynolds numbers.
Figure 12. Averaged streamwise velocity +⟨ ⟩u P contours in x–z plane at =+y 15 (inner
scaling of the coordinates) at (a) =tRe 180, (b) =tRe 1000, (c) =tRe 2000, and (d)
=tRe 4000. Green and black lines are positive and negative contours, respectively.
The dashed red line corresponds to =+z 8.3.
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Figure 13 shows the averaged streamwise velocity contours in the symmetric x–y plane at
=tRe 180, and in the x–y plane passing through =+z 8.3 at the other Reynolds numbers
=t(Re 1000, 2000, and )4000 . The inclination angle of the averaged shear layer is typical
at =tRe 180 (∼35° from the x-axis), but dramatically decreases to approximately 14° at
=tRe 4000 (see dashed blue line in each panel). As the strength and inclination of the shear
layer are inﬂuenced by the shearing action of the mean velocity, the lowering of the shear
layer inclination with increasing Reynolds number is expected. Our ﬁndings are also
consistent with Johansson et al (1990, 1991), who reported an inclination angle of 25° when
detecting the shear layer from the variance of u at =tRe 180, and with Thomas and Bull
(1983), who obtained an inclination angle of 18° in their analysis of a turbulent boundary
layer at = »q t( )Re Re10200 3450 . Regardless of Reynolds number, the shear layer seems
to be conﬁned to the wall-normal direction (within »+ )y 100 . It is worth noting that the
inclination angle is estimated from the slope of the peripheral to the interface of the shear
layer corresponding to =+⟨ ⟩u 0p (identiﬁed by the red contour line) at =+y 15, following
Alfredsson et al (1988) and Johansson et al (1991).
Figure 14 shows the contours of the averaged wall-normal velocity +⟨ ⟩v .P It is noticed that
the negative +⟨ ⟩v P in ﬁgure 14 is associatedwith positive +⟨ ⟩u P in ﬁgure 12, and vice versa,
which clariﬁesthe two events of sweep and ejection associated with the shear layer in the
upstream and the downstream sides, respectively. Also, the overall size of the positive +⟨ ⟩v P
structures in the viscous units downstream of the detection point is invariant with Reynolds
Figure 13. Averaged streamwise velocity +⟨ ⟩u P contours (a) in the symmetric x–y plane
(inner scaling of the coordinates) at (a) =tRe 180, and in the x–y plane passing
through the red dashed line in ﬁgure 12 at =+z 8.3 at (c) =tRe 1000, (d)
=tRe 2000, and (e) =tRe 4000. Green and black lines are positive and negative
contours, respectively. The dashed blue line denotes the inclination of the shear layer.
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number, contrary to the overall size of the negative +⟨ ⟩v P at the upstream side. This also
suggests a relationship between negative +⟨ ⟩v P and the structures far from the wall.
Figure 15 shows the three-dimensional organizations of the streamwise velocity +⟨ ⟩u P and
the wall-normal velocity +⟨ ⟩v P at =tRe 400 and 2000. The ejection event occurs in the near-
wall region downstream of the detection point, as discussed in section 3.2.2.1. The large-scale
motion identiﬁed by the positive +⟨ ⟩u P is shown in ﬁgures 15(a-I) and (b-I). Part of this large-
scale motion is swept toward the wall by the negative +⟨ ⟩v P such that the large-scale sweep
event is induced upstream the positive pressure. It is also noted that the overall size of the
Figure 14. Averaged wall-normal velocity +⟨ ⟩v P contours in x–z plane at =+y 15 (inner
scaling of the coordinates) at (a) =tRe 180, (b) =tRe 1000, (c) =tRe 2000, and (d)
=tRe 4000. Green lines indicate positive contours, while black ones indicate negative
contours.
Figure 15. (I) Nested isosurfaces of the averaged streamwise velocity, =+⟨ ⟩u 0.2P
(green) to =+⟨ ⟩u 1.0P (red) at (a) =tRe 400, and (b) =tRe 2000. The solid blue
isosurface at the right side is related to = -+⟨ ⟩u 0.2.P (II) Isosurfaces of averaged wall-
normal velocities = -+⟨ ⟩v 0.1P (blue) and =+⟨ ⟩v 0.1P (green) at (a) =tRe 400, and
(b) =tRe 2000.
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large-scale structures does not change with Reynolds number. These results are consistent
with the observations of Dinkelacker et al (1989, 1990), who conditionally averaged the
velocity components over large distances in x, y and z directions. They observed that the
steep increase of the streamwise velocity from negative to positive to be related with low- and
high-speed ﬂuids that extend in the streamwise direction over a total distance of around 10
pipe radii. Our conditional results clarify this behavior for the streamwise velocity, as the
high- and low-speed ﬂuids extend over long distances in the x-direction (ﬁgure 15(I)).
Although the structure in the channel ﬂow both upstream and downstream of the detection
point is coherent in the streamwise direction (ﬁgure 15(a)), and also exceeds the sampling
calculation domain, it may not reach the length scale of Dinkelacker et al’s (1989) results.
Our results are consistent with the analysis of Thomas and Bull (1983), who performed
extensive conditional sampling investigations under different pressure and velocity criteria at
various wall-normal locations. They associated the positive wall pressure pattern with the
passage of large d‐sized structures above the wall. The high-amplitude pressure ﬂuctuations
occurred as a shear layer on the front of the large-scale structure passing over the wall
pressure probe. However, they identiﬁed their large-scale structure as a horseshoe vortex,
which was not obtained in our DNS dataset. In the streamwise velocity conditionally sampled
by the positive wall pressure +(⟨ ⟩ )u ,P the large-scale structure is a three-dimensional inclined
structure. In ﬁgure 15(I), this structure is scaled by the channel half-depth. For example, the
large-scale structure shown in ﬁgure 16, which is related to =+⟨ ⟩u 1,P has dimensions
(x y z, , )=( )h h h, 0.3 , 0.3 , irrespective of the Reynolds number. The inclination from the x-
direction derives from the dependence of the propagation velocity on distance from the wall.
This was observed by Dinckelacker et al (1989), who noted that the streamwise velocity
signature triggered by the positive pressure shifts to a negative time delay when measuring u
at higher wall-normal distances. Interestingly, the isosurface of +⟨ ⟩u P in the present study
exhibits a tail-like feature close to the wall (ﬁgure 16). This feature may be interpreted as a
high-speed streak in the buffer region, which is convected downstream by the large-scale
structure. A similar feature appeared in the conceptual model of Kobashi and Ichijo (1990),
who related the bursting process to the large-scale structure in turbulent boundary layer.
To elucidate the scaling features of the large-scale sweep event, ﬁgure 17 shows the
averaged sweep event upstream the positive pressure ﬂuctuations results from the quadrant
Figure 16. Isosurfaces of the streamwise velocity =+⟨ ⟩u 1P (red) conditioned by the
positive pressure at (a) =tRe 1000, (b) and =tRe 4000. (I) Front view, and (II)
horizontal view. The labels on the dashed rectangles indicate the dimensions of the
large-scale structure.
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analysis in the symmetry x–y plane for the different Reynolds numbers ﬂow. The coordinates
are normalized by the outer variable. A strong sweep (red regions in ﬁgure 17) occurs close to
the wall. The sweep event is scaled by the channel half-depth in the streamwise and wall-
normal directions, conﬁrming its origin from the outer layer (as indicated by black arrows in
the ﬁgure). When normalized by the outer variable, the sweep event is independent of
Reynolds number. An association between sweep events and positive high-amplitude wall
pressure peaks was noted by Haritonidis et al (1990), who weighted the estimated pdf of u
and v by the wall pressure ﬂuctuations (giving * ( )p u vPP , ,w where PP refers to the pdf).
Their identiﬁed relationship is consistent with the current results.
The present results are also consistent with Naka et al (2015), who determined a large-
scale sweep motion upstream the positive wall pressure. By simultaneously measuring the
wall pressure and the velocity ﬁeld in a turbulent boundary layer using two stereo PIV planes,
they computed the correlation Rp uw between the wall pressure and the streamwise velocity. In
the conditionally averaged correlation based on the positive wall pressure, they observed a
positive and negative correlation region corresponding to the high-speed and low-speed ﬂuid,
respectively. These observations are consistent with the structures in ﬁgure 15(a). In their
analysis, the conditioned correlation nearly reached the boundary layer thickness. Conversely,
negative and positive conditioned correlations Rp vw between the positive wall pressure and the
wall-normal velocity indicated a wallward motion and weak outward motions, respectively.
These motions are consistent with the positive and negative +⟨ ⟩v sP in ﬁgure 15(b). However,
Naka et al (2015) did not discuss the scaling of the large-scale sweep motion.
The analyses of turbulent boundary layers by Johansson et al (1987), Haritonidis et al
(1990) and Naguib et al (2001), and the preliminary analyses of turbulent pipe ﬂows by
Dinkelacker and Langeheineken (1983), were limited to the buffer layer, which cannot reveal
the role of large-scale structures. Even the DNS analysis of the shear layer by Johansson et al
(1990, 1991) was limited to low Reynolds number ﬂows, whereas the conditional sampling of
Ghaemi and Scarano (2013) was performed on a small domain that cannot clarify the
collaboration among the different structures. However, our derived association between the
shear layer and the positive pressure events contradict Kim et al (2002), who observed a high
correlation between the wall pressure and the streamwise vorticity wR .pw x Based on their
ﬁndings, they associated positive pressure events with the upstream sweep of counter-rotating
streamwise vortices in the near-wall region. The wRpw x peaked at the upstream side= -+( )x 20 at = +z 20 in the spanwise direction. The symmetry in the spanwise direction
suggested that a pair of small-scale streamwise vortices developed close to the wall (Kim et al
2002)). This analysis can be interpreted as the streamwise vortices participates in enhancing
Figure 17. Averaged sweep motions +⟨ ⟩uv P4 conditioned by positive pressure in the x–y
plane at (a) =tRe 400, (b) =tRe 1000, (c) and =tRe 2000.
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the sweep motion comes from the outer layer in the upstream side of the positive event, leads
to the formation of the shear layer.
3.2.3.2. Negative peaks. Figure 18 shows the three-dimensional organizations of the
streamwise velocity +⟨ ⟩u N and the wall-normal velocity +⟨ ⟩v N conditioned by the negative
pressure events at =tRe 1000. The structures resemble those of the positive wall pressure in
ﬁgure 15, but locate in different regions. The insets in panels (a) and (b) of the ﬁgure display
the negative +⟨ ⟩u andN positive +⟨ ⟩v ,N respectively, at the upstream side. These contours reveal
a small region of ﬂuid with a momentum deﬁcit within the buffer layer, which is probably
induced by the small-scale vortex structure as discussed in section 3.2.2.2. At the downstream
side, both +⟨ ⟩u N and +⟨ ⟩v N show large-scale structures, meaning that the negative pressure
events are associated with a large-scale sweep motion.
Figure 18. (a) Nested isosurfaces of the averaged streamwise velocity, =+⟨ ⟩u 0.2N
(green) to =+⟨ ⟩u 1.0N (red) at =tRe 1000. The inset shows the +⟨ ⟩u N contours from
= -+⟨ ⟩u 0.2N to =+⟨ ⟩u 0N with a step size of 0.1. (b) Isosurfaces of averaged wall-
normal velocities = -+⟨ ⟩v 0.1N (blue) and =+⟨ ⟩v 0.1N (green) at =tRe 1000. The
inset shows the +⟨ ⟩v N contours from =+⟨ ⟩v 0N to =+⟨ ⟩v 0.5N with a step size of 0.1.
Figure 19. Averaged sweep motions +⟨ ⟩uv N4 conditioned by the negative pressure at (a)
=tRe 400, (b) =tRe 1000, and (c) =tRe 2000.
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Figure 19 shows the scaling of the large-scale sweep event in the symmetric x–y plane at
different Reynolds numbers, resulting from the quadrant analysis. Again, the coordinates are
scaled by the outer variable h. In contrast to ﬁgure 17, the large-scale sweep motion in
ﬁgure 19 does not scale perfectly with the outer variable. Also, the magnitude of the sweep
event +⟨ ⟩uv P4 associated with the positive events is higher than in ﬁgure 17 (observe the color
bar at each Reynolds number). This strengthens the conjecture that the negative pressure
events are less inﬂuenced by the large-scale structures than the positive events. Dinkelacker
et al (1989) similarly reported lower streamwise and wall-normal velocities when conditioned
by the negative pressure than when conditioned by the positive pressure.
The large-scale sweep motion is associated with a shear layer at the downstream side (see
ﬁgure 18(a)). The streamwise contours in the symmetric x–y plane at
=tRe 400, 1000, and 2000 are plotted in ﬁgure 20 in the downstream side, where the
origin is related to the location of the negative wall pressure ﬂuctuations. The streamwise
separation +DNP between the negative event and the shear layer deﬁned by the zero streamwise
contour varies with Reynolds number: speciﬁcally, »+D 125,160NP and 230 for
=tRe 400, 1000 and 2000, respectively. That is, the large-negative pressure ﬂuctuations
tend to locate upstream of the large-positive pressure ﬂuctuations induced by the shear layer,
with a streamwise separation of +D .NP The large-scale sweep event of the shear layer may
induce a roll-up motion in the direction of the spanwise vorticity of the ﬂow, with ﬂuid
directed to and ejected from the wall. This roll-up motion might enhance the roll-up motion
already induced by the small-scale vortex structure. This enhancement causes a high-negative
pressure ﬂuctuation at the wall. Accordingly, the signature of the shear layer in this case is
two consecutive positive and negative pressure peaks. It is noted that the failure of inner
scaling of +DNP coincides with the association of the negative pressure events with the large-
scale sweep motion from the outer layer.
Among the previous studies, only Wark et al (1998) concluded that a shear layer detected
by the positive events is also related to the negative events. They investigated a turbulent
boundary layer at Reynolds number O= ~q t( ( ))Re Re1437 550 . Their shear layer was
displaced downstream of the negative event at D »+x 400 in the streamwise direction.
However, ininstantaneous analysis, the distance between the two events varied in different
realizations. They assumed the frequently occurring distance, D »+x 125, as the average
distance separating the two pressure events. We obtained the same separation at =tRe 400.
The present results also agree with those of Naka et al (2015). The conditioned
correlation between the negative wall pressure and the streamwise velocity, R ,p uw indicates a
large-scale negative correlation region which is related to the high-speed ﬂuid observed in
ﬁgure 18(a) for positive +⟨ ⟩u .N Also, the conditioned correlation, R ,p uw indicates a strong
positive correlation, very small and intense close to the wall, which is observed in the inset in
Figure 20. Averaged streamwise velocity contours +⟨ ⟩u N in x–y plane at (a) =tRe 400,
(b) =tRe 1000, and (c) =tRe 2000. The contour increment is 0.2.
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ﬁgure 18(a) in the upstream side. However, an association between the shear layer and the
negative wall pressure was not mentioned by Naka et al (2015). The conditioned correlation
between the negative wall pressure and the wall-normal velocity, R ,pv are also consistent with
the structures in ﬁgure 18(b).
3.2.4. Rapid and slow pressure analysis
3.2.4.1. Positive peaks. The high-amplitude pressure events may also be analyzed from the
rapid and slow parts of the pressure. In section 2.2, we divided the source term of the pressure
Poisson’s equation based on the linearity of the velocity ﬂuctuations. The linear source term
(- ¶ ¶( ) ( )/ /U y v x2 d d , representing the rapid pressure) describes the interaction between the
mean shear, which is signiﬁcantly important close to the wall, and the turbulence, represented
by the streamwise gradient of the wall-normal velocity ¶ ¶/v x. The nonlinear source term
- ¶ ¶ ¶ ¶( ( )( ))/ /u x u xi j j i represents the self-interaction of the turbulence. Both interactions
contribute to the total pressure ﬂuctuations. Comparing the nonlinear source term with the
deﬁnition of Q-criterion for vortex structure identiﬁcation, we inferred that the slow pressure
reﬂects the contribution of the small-scale vortex structures to the total wall pressure.
Accordingly, the roles of the large- and small-scale structures can be qualitatively estimated
by conditionally averaging the slow and rapid pressures referred to the positive wall pressure
ﬂuctuations. Figure 21 displays the averaged contour plots of the total, slow and rapid
pressures in the x–y plane at =tRe 1000 (the other Reynolds numbers yielded similar plots).
The three pressures are normalized by their rms values. The slow pressure contours are shown
in the inner-scaled coordinate frame. Comparing the rapid and slow pressures, the correlation
of the rapid part extends to the channel center, but the strong correlation of the slow pressure
extends only to »+y 200. As the slow pressure is strongly correlated in the wall vicinity, it
must be affected by the small-scale vortex structures located between the wall and »+y 200,
which participate in forming the shear layer as discussed in section 3.2.2.1.
Figure 22 plots the relative pressure contributions of both structures as functions of the
wall-normal distance above the positive wall pressure. The relative contributions ⟨ ⟩ ⟨ ⟩/p ps P P
and ⟨ ⟩ ⟨ ⟩/p pr P P deﬁne the ratios of the averaged slow and rapid pressures, respectively, to the
averaged total pressure. The averaged wall pressure seems to be equally inﬂuenced by the
large- and small-scale structures. However, beyond »+y 10, where
~⟨ ⟩ ⟨ ⟩ ⟨ ⟩ ⟨ ⟩/ /p p p p ,s P P r P P the averaged static pressure is overwhelmingly inﬂuenced by
the large-scale structures. The relative contributions over the two motion scales conﬁrm that
the small-scale structures contribute non-negligibly in the near-wall region. Figure 22 also
Figure 21. (a) Total (outer-scaled coordinates), (b) rapid (outer-scaled coordinates), and
(c) slow (inner-scaled coordinates) pressure contours normalized by the standard
deviation at =tRe 1000. Contour lines range from 0.1 to 1. In (c), the green dashed
line (K) corresponds to =+y 200.
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introduces a strong Reynolds number trend either away from the wall or close to the wall as
shown in ﬁgures 22(a) and (b), respectively. As Reynolds number increases the ratio of the
relative contribution from the rapid pressure ⟨ ⟩ ⟨ ⟩/p pr P P increases, and the relative
contribution from the slow part ⟨ ⟩ ⟨ ⟩/p ps P P decreases.
Kim (1989) also studied the slow and rapid pressures relative to the total pressure
(without conditioning of the wall pressure peaks). Interestingly, their results oppose the
current results of high-amplitude pressure peaks. Kim (1989) showed that the slow pressure is
comparable with the rapid pressure in the near-wall region, but dominates far from the wall.
The high-amplitude pressure peaks are generated by the shear layer, where a gradient
develops in the mean velocity. Accordingly, the turbulence–turbulence interaction only
contributes close to the wall, where the vortex structures play a role in generating the shear
layer. These behaviors might explain the discrepancy between our results and Kim (1989).
3.2.4.2. Negative peaks. Figure 23 displays the contours of the averaged total, rapid and
slow pressures in the symmetric –x y plane at =tRe 1000, normalized by their standard
deviations. The average slow pressure (ﬁgure 23(c)) reveals why the small-scale vortex
structures are important for negative high-amplitude pressure events. The wall-normal
distances over which the averaged slow pressure at the wall correlates with the static pressure
Figure 22. Averaged slow and rapid pressure ratios (⟨ ⟩ ⟨ ⟩/p ps P P and ⟨ ⟩ ⟨ ⟩/p p ,r P P
respectively) versus (a) /y h and (b) +y at =tRe 180 (–), =tRe 400 ( ), =tRe 1000
( ), =tRe 2000 ( ), and =tRe 4000 ( ). Solid and dotted lines represent the
rapid and slow pressures, respectively.
Figure 23. (a) Total (outer-scaled coordinates), (b) rapid (outer-scaled coordinates), and
(c) slow (inner-scaled coordinates) contours of negative pressures, normalized by their
standard deviations in outer-scaled coordinates, at =tRe 1000. Contour lines range
from −1 to −0.1.
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are comparable with those of the averaged rapid pressure. The extended correlation suggests
an association between the slow pressure and the different vortex structures located at
different wall-normal distances. Panels (a) and (b) of ﬁgure 24 show the ratios ⟨ ⟩ ⟨ ⟩/p ps N N
and ⟨ ⟩ ⟨ ⟩/p pr N N of the averaged slow and rapid pressures, respectively, to the averaged total
pressure. At the wall, 60% of the pressure is contributed by ⟨ ⟩ ⟨ ⟩/p p .s N N Furthermore, as the
Reynolds number increases, the slow part overcomes the rapid pressure contribution at
increasingly longer wall-normal distances. Figure 24(c) plots the wall-normal distance +yslow at
which ~⟨ ⟩ ⟨ ⟩ ⟨ ⟩ ⟨ ⟩/ /p p p ps N N r N N versus tRe . A linear relation exits that signiﬁes the
importance of the small-scale structures in generating the negative pressure events. We
attribute this effect to the fact that increasing Reynolds number leads to the existence of
smaller-scales of motion, and hence more contribution to the negative pressure.
3.3. Summary and discussion
In detailed conditional averaging investigations of DNS datasets at different Reynolds
numbers, we elucidated the formation of high-amplitude wall pressure peaks in ﬂow channels.
Our main ﬁndings are discussed and summarized below.
Positive and negative pressure peaks were associated with the small-scale vortex struc-
tures identiﬁed by Q-criterion. As shown in ﬁgure 10, the averaged eddy structure condi-
tioned by the positive pressure peaks was symmetric with respect to the x–y plane, and its
shape resembled a hairpin eddy downstream of the positive pressure peaks. This conﬁguration
scaled in wall units as the Reynolds number varied. This downstream eddy structure was
poorly inclined to the wall, and was conﬁned below »+y 40, with streamwise and spanwise
coherences of O( )100 in wall units. These features differ from those of the averaged hairpin
eddy detected by Adrian (2007) based on the maximum ejection event. In their study, the
averaged hairpin eddy was attached to the wall, and extended to »+y 100 in the wall-normal
direction. According to our results, the averaged eddy structure plays a role in forming the
shear layer. This eddy structure might provide the lift-up mechanism for the low-speed ﬂuid;
consequently, the ejection event occurs downstream of the positive pressure point. In
ﬁgure 13, the negative pressure peaks are consistent with the cores of the small-scale vortex
structures, with the negative pressure peaking adjacent to the wall. The averaged eddy
structure has an undeﬁned shape that scales in wall units with Reynolds number.
A sweep event that extend beyond the calculation domain for the conditional sampling
analysis of dimensions ( )290, 110, 240 in wall units, is observed upstream the positive
Figure 24. Averaged slow and rapid pressure contributions plotted on (a) linear and (b)
logarithmic scales at =tRe 180 (–), =tRe 400 ( ), =tRe 1000 ( ), and
=tRe 4000 ( ). Solid and dotted lines represent the rapid and slow pressure
contributions, respectively. (c) Wall-normal distance +yslow at which
~⟨ ⟩ ⟨ ⟩ ⟨ ⟩ ⟨ ⟩/ /p p p ps N N r N N versus Reynolds number.
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pressure peaks in ﬁgure 10, and downstream the negative pressure peaks in ﬁgure 11. To
understand such large-scale structures, the analysis was extended over a larger spatial domain
of dimensions ( )h h h4 , , . The positive pressure peaks were associated with a large-scale
sweep event of O( )h originating from the outer layer, which constitutes the shear layer when
impacted by a near-wall ejection event (ﬁgure 17). When normalized by the outer variable,
the average size of this sweep event was independent of Reynolds number. The inclination of
the averaged shear layer with respect to the streamwise direction decreased with the increase
in the Reynolds number under the inﬂuence of the shearing action of the mean velocity.
The negative pressure peaks were associated with a large-scale sweep motion of O( )h at
the downstream side (ﬁgure 19). This motion was comparable in size but lower in amplitude
than the sweep motion obtained by the positive pressure peaks in ﬁgure 17. Such large-scale
sweep motions constitute a shear layer at the downstream side of the negative pressure peaks
(ﬁgure 20). The streamwise separation +DNP between the negative pressure peaks and the shear
layer interface depended on the Reynolds number (ﬁgure 20).
According to these results, the positive and negative pressure peaks are associated with
structures from both the inner and outer layers. This is consistent with the scaling of the
streamwise lengths of the pressure peaks in ﬁgure 8, which change with Reynolds number
when normalized by the inner variable.
In our small-scale structures derived from the positive pressure events under Q-criterion,
we found the hairpin eddy earlier identiﬁed by Ghaemi and Scarano (2013). However, a
different form was reported by Adrian (2007). Furthermore, although our results associated
the negative pressure peaks with small-scale vortex structures, they disagreed with the results
of Ghaemi and Scarano (2013), in which the negative pressure peak located at the head of the
hairpin eddy. Obtaining a hairpin eddy in the averaged ﬁeld is inherently difﬁcult, because
negative pressure peaks are associated with vortex structures of different shapes close to the
wall. Consequently, our undeﬁned averaged structure shape is an ensemble of these different
vortex structures. We assume that the wall pressure is unsuitable for identifying hairpin vortex
structures.
The positive pressure peaks were related to the outer layer structures, as earlier con-
jectured by Thomas and Bull (1983), Dinkelacker et al (1989, 1990), Kobashi and Ichijo
(1986, 1990), and Naka et al (2015). We also associated the positive pressure peaks with the
shear layer, consistent with Johansson et al (1987) and Haritonidis et al (1990). However, our
analysis of the DNS dataset clariﬁes the structures in both the inner and outer layers. Unlike
the earlier studies, we associated the negative pressure peaks with the shear layer, and hence
with the structures in the outer layer. The failure of earlier studies to detect this relationship is
attributed to two difﬁculties. First, not all of the shear layers are associated with negative
pressure peaks. The evidence for that is the amplitude of the sweep motion was lower when
obtained from the negative peaks than when obtained from the positive peaks (see ﬁgures 17
and 19). The lower amplitude of the sweep motion derived from negative peaks indicates a
non-bi-directional relation; that is, averaging the pressure under the shear layer criterion may
not produce the negative pressure peak. Second, the shear layer locates +DNP downstream of
the negative pressure peaks, and this separation changes with Reynolds number. Therefore,
relating the shear layer to negative pressure peaks requires a sufﬁciently large spatial domain.
On the small calculation domain of Ghaemi and Scarano (2013), ( )290, 110, 240 in wall units,
this relationship could not be observed. Among the papers searched in our literature review,
only Wark et al (1998) connected the shear layer to negative pressure peaks. They experi-
mentally probed a domain of dimensions =( ) ( )x y, 2600, 50 in wall units at O~t ( )Re 550
using a planar-PIV; however, they did not investigate the Reynolds number dependence of the
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relationship. Johansson et al (1987) doubted that such a relation exists, and recommended
averaging the velocity ﬁeld by the adverse pressure gradient.
Kim et al (2002) also analyzed the positive and negative pressure peaks, but their
analysis was limited to a single point upstream of the pressure peaks, where the correlation
between the pressure events and the streamwise vorticity is maximized. This scenario just
relates the pressure events to quasi-streamwise vortex structures in the buffer layer.
In their analyses of high-amplitude positive wall pressure peaks, Thomas and Bull (1983)
and Johansson et al (1987) neglected the contribution from the slow part. However, none of
the previous studies about pressure peaks refer to the same behavior for the negative pressure
peaks. Our results clarify the signiﬁcance of the slow pressure contribution, especially to
negative pressure peaks. Furthermore, the importance of the slow pressure contribution
increases with Reynolds number, because increasing the Reynolds number reduces the size-
scale of the motion. The small-scale motions largely contribute to the slow pressure.
The association of the high-amplitude wall pressure peaks with large- and small-scales of
motion is consistent with the conceptual idea of the theoretical analysis of the wall pressure
spectrum ( )E kpp x produced by Bradshaw (1967), where kx is the streamwise wavenumber.
Bradshaw proposed that the wall pressure spectrum has two regions with different scaling of
h and n t/u for low and high wavenumbers, respectively. The outer region impresses the low
wavenumber region, whereas the near-wall region impresses the high wavenumber one. The
matching law between these regions has a slope of-1. Recently, Panton et al (2017) derived
the same behavior of the wall pressure spectrum from the matched asymptotic expansions of
the pressure ﬂuctuations across the turbulent boundary layer. They correlated the mean-
squared pressure ﬂuctuations in the inner and outer regions for various Reynolds numbers.
The inner region correlation was introduced as a function of +y with gauge functions that
depend on tRe , while the outer region expression is introduced as a function of /y h also with
gauge functions that depend on tRe . Matching the inner and outer expressions produces
logarithmic overlap laws. On analyzing DNSs of channel ﬂow of Lee and Moser (2015) for
various Reynolds number up to =tRe 5200, Panton et al (2017) found that the one-
dimensional streamwise wavenumber spectra correlate across Reynolds number with a peak
occurs at =k h 2x to 3. Also, the data for different Reynolds numbers correlate and drop off
sharply at »+k 0.03.x Although the slope of spectra in the midrange of wavenumbers
increases as Reynolds number increases, the slope does not reach the theoretical value of-1.
However, the spectrum of the highest Reynolds number of =tRe 5200 begins to show a
separation between the low and high wavenumber regions. It is interesting that the pressure
spectra are normalized with the mixed scaling as r t/E u U .pp c3
In addition, the concept of the effect of the wall pressure events from the structures in the
outer region was emphasized by Panton et al (2017) upon analyzing the pre-multiplied
pressure at different wall-normal stations for the highest Reynolds number of =tRe 5200.
They found that all curves closer to the wall than =/y h 0.2 collapse together when the
wavenumber is less than =+k 0.001.x This is consistent with the concept that the inﬂuence of
the small-scale structures is conﬁned near the wall, whereas the large-scale structures in the
outer region impose their pressure on the wall.
The positive and negative pressure peaks might be coupled. Interestingly, the shape of
the averaged vortex structure obtained from the positive pressure peaks at the upstream side
(ﬁgure 10) resembles that obtained by the negative pressure peaks in ﬁgure 11. In addition, a
shear layer was detected downstream of the negative pressure peaks (ﬁgure 20). This indicates
that the negative pressure peaks tend to occur upstream of the positive pressure events.
Figure 25(a) clariﬁes the succession of positive and negative pressure ﬂuctuations in a
time-realization of the wall pressure contours at =tRe 400. The threshold of both positive
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and negative pressure ﬂuctuations was set to =  = /p p k 3.w rms th Visually inspecting the
wall pressure, we ﬁnd that the positive and negative pressure peaks may be individually
formed or coupled (pulses and wavetrains, respectively, in the notation of Schewe 1983). As
evidenced in the ﬁgure, coupled events were more frequent than individual occurrences. In
the present study, however, negative pressures were more commonly encountered upstream
than downstream of the positive pressures when the two events were coupled. This is cor-
roborated by the histogram of high-amplitude positive and negative pressure peaks at
=tRe 400 (ﬁgure 25(b)). To discriminate the positive and negative events at each time-
realization, we ﬁrst determined the center of each contour plot, treating each contour plot as a
pressure event. In this way, the total number of events was easily counted. The distance +D
between the center of each positive and negative event was computed as the norm of the
vector between the two central points. The calculated +D was then compared with +D ,NP the
average streamwise separation between the negative and positive events (ﬁgure 20(a)). If +D
exceeded +D ,NP the event was considered to be isolated; otherwise, it was associated with a
negative event at the upstream or the downstream side.
Figure 25(b) shows the percentages of all positive and all negative events (bars 1 and 5
respectively), individual positive and negative events (bars 2 and 6 respectively), positive and
negative events consecutive to each other where negative events occur at the upstream side
(bars 3 and 7 respectively), and positive and negative events consecutive to each other where
negative events occur at the downstream side (bars 4 and 8, respectively). The histogram
indicates that the positive events associated with upstream negative events (bar 3) has higher
tendency to occur other than the opposite case as they represent around 35% from the total
number of positive pressure events at the wall. Accordingly, it is conﬁrmed that negative–
positive sequences of pressure peaks are frequent at the wall.
As clariﬁed in ﬁgure 25(b), the large-scale structures inﬂuence only the negative pressure
events located upstream of the positive events. The other two types of negative pressure
events may simply result from small-scale vortices. Accordingly, as some of the negative
events are not associated with the shear layer, the shear layer might have been overlooked in
the experimental analysis of Johansson et al (1987). It should be noted that the model
Figure 25. (a) Instantaneous contours of wall pressure ﬂuctuations /p p 3w rms (red),
and  -/p p 3w rms (blue) at =tRe 400. (b) Histogram of positive and negative
pressure events with threshold level =k 3th at =tRe 400. The eight bars represent the
total positive (i) and negative (v) percentages of events (blue bars), the individual
percentages of positive (ii) and negative (vi) events (green bars), the percentages of
positive (iii) and negative (vii) events where negative events occur at the upstream
(gray bars), and the percentages of positive (iv) and negative (viii) events where
negative events occur at the downstream (red bars).
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introduced by Ghaemi and Scarano (2013) is related to the case of the sequence of positive
and negative in the downstream side related to the hairpin eddy structure which has the lower
tendency to occur.
Finally, the conditional sampling analysis did not clarify the interactions among the
different structures generating the pressure events. To derive such interactions, we must
investigate the instantaneous ﬁeld. From the present analysis, we inferred that the wall
pressure is sometimes (but not always) affected by large-scale sweep motions from the outer
layer, and by small-scale vortex structures close to the wall. Both features play a signiﬁcant
role in generating positive and negative wall pressure events, and were hence detected in
conditional sampling of the wall pressure events. A scenario that clariﬁes the interactions
among the different structures is left for future work.
4. Conclusion
The current study investigated the organized ﬂow motions associated with positive and
negative high-amplitude pressure peaks in channel ﬂows. The analysis was performed by
conditional sampling of turbulent channel ﬂows from =tRe 180 to =tRe 4000 in DNS. The
positive and negative wall pressure events were associated with the near-wall, small-scale
vortex structures identiﬁed by Q-criterion. The averaged eddy structures conditioned by both
pressures were independent of Reynolds number. Conditionally averaging the vortex ﬁeld by
the positive wall pressure failed to obtain a hairpin eddy structure. The vortex ﬁeld condi-
tioned by the negative wall pressure yielded a heart-shaped pattern.
Both positive and negative wall pressure events were related to the large-scale sweep
motion of O( )h originating from the outer layer. The sweep motion located upstream of the
positive pressure event, and downstream of the negative pressure event. When conditionally
averaged by the positive pressure and normalized by the outer variable, the overall size of the
sweep motion was independent of Reynolds number. However, when conditionally averaged
by the negative pressure, its overall size changed slightly with Reynolds number. At any
Reynolds number, the large-scale sweep motion constituted a shear layer conﬁned in the near-
wall region (up to »+ )y 100 . The inclination of the shear layer, relative to the streamwise
direction, decreased from approximately 35° at =tRe 180 to around 14° at =tRe 4000.
The contributions of the large- and small-scale structures to the positive and negative
wall pressures were estimated by splitting the pressure into its rapid and slow components.
Structures of both size scales equally contributed to the positive wall pressure events, but
small motion scales dominated the negative events. The slow pressure contribution was a
weakly increasing function of Reynolds number. Finally, from the association between the
positive and negative wall pressure events and the structures in the inner and outer layers, we
inferred that the pressure events did not scale with the wall units. The associations are also
consistent with the statistical analysis of the instantaneous ﬁeld, which indicated that negative
and positive wall pressure events will likely occur consecutively, with the negative events
occurring upstream of the positive ones.
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